ABSTRACT: The synthesis of hybrid functional materials using the coordination-driven assembly of metal−phenolic networks (MPNs) is of interest in diverse areas of materials science. To date, MPN assembly has been explored as monoligand systems (i.e., containing a single type of phenolic ligand) where the phenolic components are primarily obtained from natural sources via extraction, isolation, and purification processes. Herein, we demonstrate the fabrication of MPNs from a readily available, crude phenolic sourcegreen tea (GT) infusions. We employ our recently introduced rust-mediated continuous assembly strategy to prepare these GT MPN systems. The resulting hollow MPN capsules contain multiple phenolic ligands and have a shell thickness that can be controlled through the reaction time. These multiligand MPN systems have different properties compared to the analogous MPN systems reported previously. For example, the Young's modulus (as determined using colloidal-probe atomic force microscopy) of the GT MPN system presented herein is less than half that of MPN systems prepared using tannic acid and iron salt solutions, and the disassembly kinetics are faster (∼50%) than other, comparable MPN systems under identical disassembly conditions. Additionally, the use of rust-mediated assembly enables the formation of stable capsules under conditions where the conventional approach (i.e., using iron salt solutions) results in colloidally unstable dispersions. These differences highlight how the choice of phenolic ligand and its source, as well as the assembly protocol (e.g., using solution-based or solid-state iron sources), can be used to tune the properties of MPNs. The strategy presented herein expands the toolbox of MPN assembly while also providing new insights into the nature and robustness of metal−phenolic interfacial assembly when using solution-based or solid-state metal sources.
■ INTRODUCTION
The assembly of metal−phenolic networks (MPNs) has recently been introduced as a versatile platform for preparing functional hybrid materials. 1−5 This assembly process exploits the coordination interactions between transition metals and phenolic compoundsbearing catechol and galloyl functional groups (e.g., tannic acid)inducing interfacial assembly and the formation of MPN films. 2,6−8 The preparation of MPNs in the form of bulk materials (in contrast to thin films) via direct gelation of polyphenols, using similar coordination chemistry, has also recently been demonstrated. 9 Besides this coordination-driven assembly, phenolic compounds such as dopamine have also been shown capable of forming coatings (but via oxidative polymerization instead of through coordinative complexation). 10 The discovery of these types of systems originated from the chemistry of adhesive proteins in mussels. 10 The resulting polydopamine (PDA) materials have shown potential applications in diverse fields ranging from biomedicine to catalysis. 11−16 Despite the differences in molecular interactions, assembly conditions, and formation kinetics between MPN-based and PDA-based systems, both have been established as facile and versatile surface-modification techniques. 4, 16, 17 different metal−phenolic systems, utilizing various coordination chemistries and displaying diverse functionalities.
A common and rich source of phenolic compounds is green tea (GT). 34−36 The beneficial health effects associated with GT consumption include its antioxidative, anti-inflammatory, and anticarcinogenic propertieslargely attributed to the phenolic contents known as green tea catechins (GTCs). 34,36−39 Besides these biofunctional properties, GT has also been of interest in materials science, for example for noble metal nanoparticle synthesis and surface modification, where the chemical properties of GTCs (e.g., coordination/chelation and reducing capabilities) have been exploited. 40−43 We hypothesized that GT infusions (based on the water solubility of GTCs and their reported concentration range in these type of infusions) 35, 44, 45 could serve as a direct and readily available phenolic source for fabricating MPNs incorporating multiple catechin ligands in a single system.
Herein, we explore GT infusions as alternative phenolic sources for MPN assembly, and combine this concept with the rust-mediated continuous assembly approach 18 to demonstrate the synthesis of multiligand MPN systems. The MPN systems presented herein: (i) use phenolic and metallic components from common sources, thus demonstrating that extraction, separation, and purification processes of phenolic and metallic components are not prerequisites for MPN assembly, with potential implications for widespread and large-scale synthesis and application of MPNs; (ii) explore key differences between conventional and continuous MPN assembly approaches, including the ability to maintain colloidal stability by leveraging a double dynamic assembly process (i.e., etching and selfassembly); and (iii) demonstrate that multiple phenolic ligands can be simultaneously incorporated during MPN assembly, thus highlighting the versatility of the underlying coordination chemistry while providing a new strategy for tailoring properties and functionality of MPN-based materials.
■ EXPERIMENTAL SECTION
Materials. Commercial green tea bags from multiple brands (Twinings, Dilmah, and Tetley) were purchased from a local market. Commercial bright steel nails (Paslode, diameter × height: 2.8 mm × 50 mm, product number N906600) were purchased from Bunnings, Australia. Iron(III) chloride hexahydrate (FeCl 3 ·6H 2 O), epigallocatechin gallate (EGCG), epicatechin gallate (ECG), and poly-(ethylenimine) (PEI, M W = 25 kDa) were purchased from SigmaAldrich and used as received. Poly(methyl methacrylate) (PMMA) microparticles (D = 3.69 ± 0.08 μm) were purchased from Microparticles GmbH. N-Methyl-2-pyrollidone (NMP) and acetone were purchased from ChemSupply. High-performance liquid chromatography (HPLC)-grade acetonitrile and formic acid were obtained from Merck and BDH, respectively. High-purity (Milli-Q) water with a resistivity of 18.2 MΩ cm was obtained from an inline Millipore RiOs/ Origin water purification system.
Characterization. Differential interference contrast (DIC) microscopy images were taken with an inverted Olympus IX71 microscope. Ultraviolet−visible (UV−vis) absorption spectra were collected on a Varian Cary 4000 UV−vis spectrophotometer. Atomic force microscopy (AFM) experiments were carried out with a JPK NanoWizard II BioAFM. Typical scans were performed in tapping mode with MikroMasch silicon cantilevers (NSC/CSC). The film thickness and roughness of the air-dried capsules were analyzed (at least 20 different capsules for each sample) using JPK SPM image processing software (version V.3.3.32). Transmission electron microscopy (TEM) images and energy dispersive X-ray spectroscopy (EDX) profiles were acquired using a FEI Tecnai TF20 instrument with an operation voltage of 200 kV. In AFM and TEM/EDX experiments, the capsule suspensions (2−10 μL) were allowed to airdry on glass slides (Piranha cleaned) and Formvar-carbon coated copper grids, respectively.
Liquid chromatography−mass spectrometry (LC-MS) experiments were carried out using an Agilent 6520 quadrupole time-of-flight (Q-TOF) mass spectrometer coupled to an Agilent 1200 series liquid chromatography system. For each analysis, 5 μL of the samples, i.e., GT infusions, EGCG (2 mg mL −1 in H 2 O), ECG (1 mg mL −1 in H 2 O), and disassembled capsules (see below for conditions), were injected and compounds were separated by an Agilent ZORBAX Eclipse XDB C 18 reverse phase column (150 × 4.6 mm, 5 μm) over a 50 min solvent gradient using 100% Milli-Q water as mobile phase A and 70% acetonitrile in 0.1% formic acid (v/v) as mobile phase B (flow rate of 0.3 mL min −1 ). The gradient timetable was as follows [time (min), %B]: [0,0], [1, 0] , [41, 100] , [44, 100] , [45, 0] , and [50, 0] . The column was maintained at 25 ± 0.8°C throughout all analytical runs and samples were held in an autosampler chamber at 4°C prior to analysis. Compounds eluting from the column were transferred to the gas phase via electrospray ionization (ESI). Analyses were conducted in the negative ion mode and spectra were acquired over the range m/ z 50−1000. ESI parameters were as follows: drying gas flow rate and temperature = 12 L min −1 , 300°C; capillary voltage = 3.5 kV; skimmer voltage = 65 V; fragmentor voltage = 75 V; Octapole RF Vp-p = 750 V.
Rusting of Iron Nails. Commercial iron nails were rusted according to our previous report. 18 Briefly, iron nails were degreased first by wiping with an acetone-wet tissue (Kimwipe) and then sonicated in acetone for 10 min. The degreased nails were then thoroughly washed with Milli-Q water and air-dried. Next, 51 mL of 10% HCl was added to a 250 mL glass beaker. The washed nails were placed from the top of the beaker with a gap of 3.8 cm from the top surface of the HCl solution and the beaker was kept in a fume hood. After 20 h, adherent rust layers were observed to have formed on each nail surface and the rusted nails were removed from the beaker. After incubation in Milli-Q water for 10 min, the rusted nails were thoroughly washed with Milli-Q water and air-dried. The dried rusted nails were stored under vacuum before use.
GT/R-Fe III Film Formation on Particulate Substrates. GT infusions were prepared by submerging two tea bags in hot (∼75°C) tap water (200 mL, 3 min; note that tap water and not high-purity Milli-Q water was used for this step), cooled to room temperature (∼22°C), and filtered through a membrane filter (0.22 μm pore size). Filtered GT infusions (10 mL) were taken into 15 mL tubes and the pH adjusted to ∼5 by addition of HCl solution (1 M, 20 μL). Subsequently, PMMA particles (500 μL, 10% w/v, aqueous suspension) and a rusted nail (see Rusting of Iron Nails above) were then added. The tubes were kept under constant shaking (using a rotating wheel, ∼40 rpm) during the MPN coating process. Aliquots of 300 μL of GT/R-Fe III (R-Fe III denotes iron(III) ions sourced from rust) coated PMMA particles were taken at different time points (for standard characterization, particles were taken out after 40 min) and unreacted supernatant was discarded after centrifugation (1900 g, 1 min), followed by four washing cycles: 5 centrifugation at 1900 g for 1 min, supernatant discarded, and particle pellet resuspended in 500 μL of Milli-Q water. Dissolution of PMMA template particles was achieved through five washing cycles: as above but using 500 μL of NMP/acetone (1:1 v/v) instead of Milli-Q, and performing the centrifugation at 2200 g. In the first three dissolution steps, the coated particles were incubated for 30 min each to facilitate complete removal of PMMA. The obtained hollow capsules were washed twice (2200 g, 2 min) with Milli-Q water and finally resuspended in 100 μL of Milli-Q water for characterization. For the time-dependent thickness increase studies of GT/R-Fe III films, aliquots were taken out at 20, 40, 60, and 90 min and processed as above to obtain hollow capsules at each time point.
GT/Fe III Film Formation on Particulate Substrates by the Conventional Method. GT infusions were prepared as above and the pH was adjusted to ∼5 using HCl solution (1 M, 20 μL). GT infusions (400 μL) were added to PMMA particles (50 μL, 10% w/v, aqueous suspension) and mixed by repeated pipetting ("up and down"). FeCl 3 ·6H 2 O solution (30 mM, 100 μL) was then added and the mixture quickly vortexed for 3−4 s. Subsequently, the mixture pH was raised to ∼5 by addition of NaOH solution (1 M, 7 μL) followed by vortexing for 1 min. After coating, the particles were processed in an identical manner as above to obtain hollow capsules. The coating process was also tested with 2-and 3-fold dilutions (v/v, in water) of the starting compounds.
Disassembly Experiments. GT/R-Fe III capsule (∼11 nm shell thickness) suspensions (∼4 × 10 7 capsules mL −1 ) were mixed with an equal volume of disassembly solution (KCl-HCl buffer, 100 mM, pH 2). Disassembly (in terms of film composition) was monitored for each system by UV−vis absorption spectroscopy by the decrease in the ligand-to-metal charge transfer (LMCT) band intensity with time.
Analyses of the Organic Fragments of Disassembled Capsules. 500 μL of concentrated GT/R-Fe III capsule suspensions (∼3 × 10 9 capsules mL −1 ) was mixed with HCl (6 M, 1 mL) under vortexing and kept on a rotating tube mixer for 10 min. The mixture was then diluted with an equal volume of Milli-Q water and lyophilized to remove excess HCl. Lyophilized products were resuspended in 300 μL of acidified methanol (prepared by adding 10 μL of 0.1 M HCl to 1 mL of methanol), and filtered through a 0.8 μm membrane filter before analysis using LC-MS.
Mechanical Tests. Details of the AFM force measurements and colloidal probe preparation can be found elsewhere. 6, 46 Briefly, the measurements were performed on a NanoWizard II (JPK) in Milli-Q water using colloidal probe cantilevers. To fabricate the modified cantilevers, we used tipless cantilevers (MLCT-O, Bruker AFM Probes). A spherical glass bead (D = 28.2 μm, Polysciences) was attached to the cantilever using an epoxy resin (Selleys Araldite Super Strength, Selleys) via micromanipulation employing an AFM system and associated optics. The probe was then allowed to dry overnight. Glass slides and cantilevers were cleaned with isopropanol, water, and plasma treatment to remove adventitious contamination. The modified cantilevers were first calibrated on a cleaned glass substrate to determine the inverse optical lever sensitivity (InvOLS), and the spring constant was determined to be 0.122 N m −1 using the thermal noise method. PEI-coated glass slides were used to immobilize the capsules prior to the measurements. Force−distance curves were obtained by optically positioning the probe over individual capsules (GT/R-Fe III capsules with ∼11 nm shell thickness) and an approachretract cycle with a force load of 2.5 nN and a constant piezo velocity of 1 μm s −1 was initiated. Force spectra of at least 10 different capsules per system were collected and analyzed using JPK data processing software. A baseline was first subtracted from the noncontact z-range of the force−displacement data and a probe/surface contact point was assigned. After subtracting the effect of the cantilever bending, force− deformation (F−δ) data were obtained. The Young's modulus (E Y ) of the spherical capsules could be estimated using the Reissner model for thin-walled spherical shells. The E Y of GT/R-Fe III capsules (∼11 nm shell thickness) was determined using the Reissner equation with a wall thickness (h) of 11 nm, a Poisson's ratio (ν) of 0.5, and a radius (R) of 1.85 μm. Only the deformation data over the capsule shell thickness was used.
■ RESULTS AND DISCUSSION
GT is a complex mixture of catechins, proteins, vitamins, and minerals. 47, 48 The dominant GTCs present in GT are epigallocatechin gallate (EGCG), epicatechin gallate (ECG), epigallocatechin (EGC), and epicatechin (EC). 35, 44, 45 The structures of these GTCs are shown in Figure S1 . Liquid chromatography−mass spectrometry (LC-MS) performed on the GT infusions used in this study detected a range of phenolic compounds, as summarized in Figure S2 and Table S1 . Comparing extracted ion chromatogram peak areas between pure catechin standards ( Figure S3 ) and GT infusions, the concentrations of EGCG and ECG in the infusion were estimated to be ∼1.8 and ∼2.7 mM, respectively. These results are in agreement with previous reports. 49−52 Figure 1 depicts the experimental process for MPN assembly adapted in this study. GT infusions were prepared by submerging tea bags (Figure 1a ) in hot water, and then filtering the infusions after they had cooled down to room temperature (Figure 1c−e) . To initiate MPN film formation, we incubated rusted nails (Figure 1b ) in GT infusions containing particle templates (PMMA microparticles) as shown in Figure 1c −e. The GT/template dispersion turned increasingly blue-black over time (Figure 1f−h) , which is typical during formation of coordination complexes involving iron(III) (Fe III ) and phenolic ligands containing catechol or galloyl functional groups. 53, 54 This suggests the coordinative etching of Fe III ions from the rust layer by GTCs present in the GT infusion. 18 The GTC/Fe III complexes thus generated were observed to self-assemble on the solid particle templates and subsequently formed stable MPN films and hollow capsules after template removal (see below).
The working duration for the continuous assembly of MPNs using GT infusions was examined by investigating the etching kinetics of rusted nails incubated in GT infusions (in the absence of template particles). The etching process was monitored by UV−vis absorption spectroscopy. As the etching progressed, the characteristic ligand-to-metal charge transfer (LMCT) band of GTC/Fe III complexes appeared at ∼570 nm. 6, 53, 55 The LMCT band intensity was observed to increase as a function of time until a plateau was reached after around 3 h ( Figure S4 ). On the basis of this saturation profile, we investigated the continuous assembly for film formation using GT infusions within this time range.
The films and capsules obtained after 40 min of immersion of the rusted nail in the GT/template dispersion were chosen as standard samples and extensively characterized. These MPN films are denoted as GT/R-Fe III . The GT/R-Fe III coatings can be observed through the dark coloration of coated template particles and free-standing capsules (after dissolution of the template particles) (Figure 1g, h) . GT/R-Fe III capsules were found to be stable, monodisperse and with negligible levels of aggregation, as observed by differential interference contrast (DIC) microscopy ( Figure 1i ). The UV−vis absorption spectrum of the GT/R-Fe III system (Figure 2a) showed the LMCT band at ∼570 nm arising from a dominant bis-type (galloyl/Fe III ) coordination mode in the film structures. 6, 18, 55, 56 The UV−vis absorption spectrum for the GT infusion is also presented for comparison. The GT/R-Fe III system was further investigated by atomic force microscopy (AFM). The dried GT/R-Fe III capsules revealed surface morphologies with folds and creases, typical of collapsed capsules (Figure 2b) . 5 From the AFM height profile analyses, the shell thickness of the capsules was found to be ∼11 nm ( Figure S5 ) with a root-mean-square (rms) roughness value of ∼1 nm. Transmission electron microscopy (TEM) images of the GT/R-Fe III capsules showed similar morphologies as observed by AFM (Figure 2c) . Energy-dispersive X-ray (EDX) analyses performed on the dried capsules confirmed the presence of iron in the films (Figure 2d) .
The presence of multiple catechin ligands in the GT/R-Fe III system was probed by LC-MS. The organic fragments of GT/ R-Fe III capsules after disassembly in concentrated HCl showed two dominant chromatographic peaks with retention times of ∼23 and ∼26 min, as shown in Figure 3a . These peaks can be assigned to EGCG and ECG, respectively, as confirmed by comparing the retention times of pure EGCG and ECG ( Figure  S3 ). The mass spectra at the regions of peak maxima showed dominant ions at m/z 457.
[M-H] − and 441.08 [M-H]
− , which can be attributed to EGCG (Figure 3b ) and ECG (Figure 3c ), respectively. Other minor peaks support these assignments, such as at m/z 493.05 (Figure 3b ) and 477.05 (Figure 3c ) observed in the spectra, which can be assigned to EGCG-chloride and ECG-chloride adducts, as evidenced by their chlorine isotope patterns.
A salient feature of the continuous assembly approach is that it enables the film thickness of the MPN systems to be controlled as a function of reaction time. 18 To investigate this behavior for the GT/R-Fe III system, we took samples out at different time points (i.e., at 5, 10, 20, 40, 60, and 90 min) from the dispersion during the coating procedure, and the resulting GT/R-Fe III capsules were analyzed. Samples taken after 5 and 10 min did not form stable capsules after template removal (in agreement with a previous report 18 ), and were therefore not analyzed further. The film thicknesses of these capsules were examined by AFM and it was observed that the shell thickness of GT/R-Fe III capsules increased in a time dependent manner (Figure 4 and Figure S6 ), as expected. From AFM height profile analyses, the film thicknesses of GT/R-Fe III capsules obtained at 20, 40, 60, and 90 min were found to be ∼7, ∼11, ∼15, and ∼22 nm, respectively (Figure 4c ). This implies a growth rate of approximately 0.2−0.3 nm min −1 . The roughness (rms) values of these GT/R-Fe III capsules with different thicknesses were around 1 to 2 nm. Moreover, the LMCT band (at ∼570 nm) of the capsules with increasing thicknesses was observed to intensify over time (Figure 4d) , which is in agreement with the AFM analyses above.
GT infusions prepared from several different brands of commercial GT bags were also tested for MPN assembly. In each case, MPN film formation was successful, as presented by the UV−vis absorption spectrum and DIC images in Figures 5a,  b and Figure S7 . No differences in the quality of capsules prepared using all three brands of tea tested were observed.
Using the conventional method (using Fe III solutions instead of solid-state reactants) to obtain GT/Fe III capsules was also attempted (Figure 5c ). However, as soon as Fe III solutions were added to GT/template dispersions, the dispersions were observed to lose their colloidal stability and the template particles aggregated. This occurred when using undiluted, or 2-fold and 3-fold dilutions of pristine GT infusions. Moreover, in the washing steps, other forms of precipitates were found along with the template pellet. As a result, the final capsules obtained were observed to be aggregated and deformed, as seen in the DIC images (Figure 5d and Figure S8 ). The colloidal instability, precipitate formation, and deformation of the capsules may be caused by a combination of the rise of ionic strength of the system upon addition of the Fe III solution and the nonspecific interactions of Fe III ions with other organic components present in the GT infusions (rather than the catechins). In contrast, in the continuous assembly method, Fe III ions come to the solution as coordination complexes via specific etching of rust by GTCs present in GT infusion, thus avoiding the addition of salt species (which can change the ionic strength of the solution) and the induction of nonspecific interactions between Fe III ions with other organic compounds present in the system. Thus, the capsule systems obtained through continuous assembly (i.e., GT/R-Fe III capsules) are monodisperse, colloidally stable, and without any visible precipitates. This highlights a key difference between using conventional (solution-based) assembly 1 compared with continuous (solid-state reactant-based) assembly 18 for MPN film synthesis, which can be leveraged to improve processing properties and resulting film quality when working with different types of source materials, such as crude phenolic extracts.
We also investigated disassembly and mechanical properties of the standard GT/R-Fe III capsule system with a shell thickness of ∼11 nm (as shown in Figures 1 and 2 ). Disassembly profiles (in terms of film composition) of GT/ R-Fe III capsules incubated in buffer solutions of pH 2 were monitored by following the decrease in intensity of the LMCT band as a function of time. GT/R-Fe III capsules were observed to be completely disassembled within 15 min (Figure 6a ). Further analysis on the disassembly kinetics (Figure 6b suggested that over 50% and 70% of capsules had disassembled after 2 and 6 min, respectively. This can be compared to our previously reported GA/R-Fe III system (where "GA" denotes gallic acid) with a shell thickness of ∼10 nm, which showed 50% disassembly at 3 min at identical disassembly conditions. 18 Finally, we investigated the mechanical properties of GT/RFe III capsules using colloidal-probe AFM force measurements (Figure 6c ). Representative force-deformation curves are shown in Figure 6d . By analyzing the slope of the curves, the stiffness of the GT/R-Fe III capsules was determined to be 76 ± 12 mN m −1 and the corresponding Young's modulus (E Y ) was estimated to be 433 ± 70 MPa. This can be compared to the reported E Y of 334 ± 63 MPa for GA/R-Fe III capsules of ∼10 nm thickness. 18 The deformation of capsules shown in Figure  6d is the measured deformation by AFM. However, it has recently been shown that the measured deformation from AFM is the sum of the deformations at the top and the bottom of the capsule. 57 Conventionally, AFM deformation without any modification has been used for calculating the mechanical properties of capsules. 1, 6 However, to achieve more accurate estimates of mechanical properties, correction factors have been derived as a function of the shell thickness, radii of AFM probe and capsules in order to convert the measured AFM deformation to effective capsule deformation. 57 The AFM probe used in our experiment is large (radius 14.1 μm) in comparison to the particle templates (radius 1.85 μm), and the shell thickness (11 nm) is small in comparison to the capsule size (particle templates were 3.69 μm in diameter). Thus, Reissner's formula with a correction factor of 0.5 should be used to more precisely calculate the mechanical properties of the capsules under these conditions. 57 As a result, the more precise capsule shell stiffness (K s ) and Young's modulus (E Y ) are twice the values calculated without the use of a correction factor. The values of stiffness and modulus (after application of the correction factor) are 152 ± 24 mN m −1 and 866 ± 140 MPa, respectively.
Other previously reported MPN systems were found to be stiffer and exhibit different disassembly kinetics than those of the system presented here. For example, the Young's modulus reported here for GT/R-Fe III capsules (433 ± 70 MPa) can be compared to what has been previously reported for tannic acid/ Fe III capsules (1000 ± 200 MPa), 1 pyrocatechol/Fe III capsules (870 ± 240 MPa), 6 and GA/Fe III capsules (620 ± 200 MPa). 6 When comparing disassembly kinetics, over 50% disassembly occurred after 2 min for the system presented here (GT/RFe III ), whereas for GA/R-Fe III (mentioned above) and GA/Fe III 50% disassembly occurred after 3 and 4 min, respectively, under the same disassembly conditions. 18 Overall, these differences in properties in various MPN systems indicate that the assembly conditions, molecular structures of the phenolic ligands, and modes of metal−phenolic coordination interactions can considerably impact the resulting networks and film properties. This may provide insights into the structure−function relationships of MPN systems and aid in the design of new systems with properties tailored to specific applications.
■ CONCLUSIONS
In summary, we have described the assembly of multiligand MPN systems where both phenolic and metallic components were sourced from daily life (i.e., green tea and rust). The combination of green tea infusions and rust produced highquality colloidal coatings with multiple catechin ligands in a single MPN system. Key physicochemical properties of this MPN systemincluding assembly and disassembly kinetics, composition, morphology, and mechanical propertieswere investigated. Comparisons (of using green tea infusions) between continuous (rust-mediated) and conventional (using solution-based iron sources) MPN assembly revealed striking differences: colloidal stability was lost (i.e., substantial particle aggregation occurred) for coatings prepared using the conventional assembly approach, but not when using the continuous assembly approach. This highlights a new aspect of the double dynamic process enabled by using solid state-reactants (i.e., etching and self-assembly), by demonstrating successful MPN assembly under conditions where the conventional assembly approach results in colloidally unstable dispersions. The presented strategy thus complements the conventional assembly approach and expands our understanding of metal− phenolic assembly, as well as increases its usefulness under demanding conditions, such as performing assembly using crude extracts in resource-limited settings.
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